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ABSTRACT  
Physical properties of black Silicon (b-Si) formed on Si wafers by reactive ion etching in 
chlorine plasma are reported in an attempt to clarify the formation mechanism and the 
origin of the observed optical and electrical phenomena which are promising for a 
variety of applications. The b-Si consisting of high density and high aspect ratio sub-
micron length whiskers or pillars with tip diameters of well under 3 nm exhibits strong 
photoluminescence (PL) both in visible and infrared, which are interpreted in 
conjunction with defects, confinement effects and near band-edge emission. Structural 
analysis indicate that the whiskers are all crystalline and encapsulated by a thin Si oxide 
layer. Infrared vibrational spectrum of Si-O-Si bondings in terms of transverse-optic 
(TO) and longitudinal-optic (LO) phonons indicates that disorder induced LO-TO optical 
mode coupling can be an effective tool in assessing structural quality of the b-Si.  The 
same phonons are likely coupled to electrons in visible region PL transitions. Field 
emission properties of these nanoscopic features are demonstrated indicating the 
influence of the tip shape on the emission. Overall properties are discussed in terms of 
surface morphology of the nano whiskers. 
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1.Introduction 
Black Silicon or Si grass has been receiving a great deal of attention due to their interesting 
physical properties and promising potential technological applications in the field of energy, 
sensing and emitting [1-4].  The b-Si was produced for the first time during the formation of Si 
trenches by reactive ion etching (RIE) in fluorine, bromine and chlorine plasmas [5-6].  Also, it 
can be formed by a maskless RIE employing CF4 [7] due to auto-masking of the surface at 
random spots.  However, detailed mechanism of the black Si formation and the origin of its 
properties are yet to be understood.  It is widely believed that the formation of nanopillars 
during RIE is due to a local variation of the Si etch rate. This variation in etching rate can be 
caused by Si surface itself, for example inhomogeneous oxide layer or incompletely removed 
native oxide. The plasma tool and plasma source can be a cause of a micro-masking material 
e.g., by products of sputtering and re-deposition of plasma chamber electrodes and masking 
material [8-9].   
Beside above mentioned methods, a number of groups have been able to produce b-Si 
surfaces.  Black Si can be formed by shining femtosecond laser pulses on Si followed by 
thermal annealing [10]. Depositing a fine-grained natural mask using CF4/O2 plasma in 
combination with Al2O3 which was followed by RIE in Cl2/Ar plasma yielded a b-Si with 
densities of ~102-103µm-2 [11].  The b-Si surface obtained by this method exhibits a very weak 
and broad PL peak at around 700 nm.  But, after annealing in forming gas (400oC, 4 hours) and 
capping with hydrogenated SiNx, a stronger PL peak appeared at 550 nm.  The position of this 
peak was found to be independent of the diameter of the shape of pillars.  However, no light 
emission was found to be attributable to Si nanopillars possibly due to insufficient passivation 
of surface defects [12].  Silicon nanopillars were also fabricated by deep UV lithography, a 
highly anisotropic Si RIE based on fluorine chemistry [13].  More controlled version of Si 
nanopillar arrays can be prepared using nanosphere lithography with different size of spheres 
[14].  On the other hand, switchable wettability of b-Si was demonstrated by applying external 
electric fields, thus indicating potential use of b-Si [15]. 
A different way of producing b-Si surfaces is based on thermal treatment. It was shown that 
Si nanowhiskers could be formed on untreated Si(100) using electron beam thermal annealing 
[16].  According to these studies, native oxide layer is undergone a thermal decomposition, 
which occurs through the formation of voids in the oxide layer [17-18]. The void growth occurs 
via the interfacial reaction between Si and SiO2 resulting in SiO monomers which diffuse to the 
void perimeter.  More recent method of the b-Si formation is based on local metal-catalized wet 
chemical etching [19-20]. Up to 40% increase in short-circuit current of solar cells could be 
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achieved using this technique.  A number of reports involve electroless metal deposition for the 
fabrication of well aligned single crystalline Si nanowire arrays [21].  Nevertheless, more direct 
formation method used a mixture SF6 and O2 in an inductively coupled plasma (ICP) reactor 
[22]. It is obvious from all the previous reports that b-Si can be formed under variety of process 
conditions.  However, it is not clear yet whether there is a common responsible mechanism of 
the formation of b-Si. It is the purpose of this work to advance our knowledge in this field by 
providing new experimental evidence on the formation and the physical properties of resultant 
b-Si. 
The technological motivation behind this work is to demonstrate the potential applications 
in sensing, energy and emitting.  b-Si prepared by electroless metal deposition was shown to be 
a promising alternative in replacing expensive photolithographic processes to make a Si base 
field emitter [23].  In addition to photovoltaic applications  [19, 20],   the possibility of using b-
Si in mechanics [22], microfluidics [25], process optimization [6], micro electromechanical 
systems (MEMS) [26] and terahertz emission [1] shows that the applications cover a broad 
range of fields.  Our exploratory level research effort provides further evidence for potential 
applications by improving material quality, controlling the process and understanding the 
mechanism of the formation and observed properties. 
 
2. Experimental 
 In our work, the black Si was formed by reactive ion etching (RIE) process of thermally 
oxidized and a photoresist (PMMA) coated 3-inch size p-type Si wafers with <100> and <111> 
crystallographic orientations. The resistivity of the wafers used for our studies were around 10 
Ohm-cm. The RIE of these wafers using chlorine plasma leads to the formation of nano 
whiskers on all over the surface of Si wafer. As a result of this process, whole wafer surface 
becomes black, since the whiskers soak all the white light. Scanning electron microscopy 
(SEM), Transmission electron microscopy (TEM), Spectroscopic ellipsometry (SE), Fourier 
transformed infrared spectroscopy (FTIR), electron dispersive spectroscopy (EDS) and 
photoluminescence (PL) measurements were carried out in order to investigate physical 
properties of b-Si surface. SEM enables to distinguish the surface morphology between the b-Si 
formed on Si(100) and Si(111) wafers as shown in Fig.1. TEM bright field analysis indicates 
the presence of tapered crystalline Si nanowhiskers with sizes well under 3 nm at tips and with 
lengths of up to about 500 nm (see TEM image in Fig. 2).  It is possible to control their length 
and shape by the process time although this correlation was not explored fully.  Electric field 
emission (EFE) diodes were fabricated on Si whiskers formed on p-Si(111) with circular 
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contacts in a parallel plate configuration to provide better insight on the carrier transport 
mechanism.  The electrical contacts consisted of an evaporated 20 nm Au front electrode and a 
200 nm sputtered Al back contact.  The active device area and the distance between electrodes 
are 0.03 cm2 and 200 µm, respectively. The device was fabricated on p-Si wafer of 10 Ohm-cm 
resistivity. 
 To prepare b-Si surface, a thermal oxide of 200 nm was first grown on p-type 3-inch 
size Si(111) and Si(100) wafers (10 Ohm-cm) which was followed by PMMA thin capping 
layer of 250 nm (novolac-type negative e-beam resist). The wafers were then exposed to 
plasma generated by an inductively coupled plasma/reactive ion etching (ICP/RIE) system 
from Oxford Instruments using chlorine (Cl2) gas.  This process used a Cl2 flow rate of 50 sccm 
and process pressure of 7 mTorr under electrode power and inductively coupled power of 50 
Watts and 100 Watts, respectively.  The electrode is water cooled at 17 C constant temperature 
and the temperature of the silicon surface is likely to be around 60-100 C. The heat transfer 
down to the water cooled electrode was assumed to be negligible. 
 
PL has been excited by a HeCd laser of 10 mW at 325 nm (3.81 eV).  The PL signal is 
collected by mirror optics and dispersed by a single 0.5m grating.  The resulting emission is 
detected by a liquid nitrogen cooled Si CCD, InGaAs array and Ge photodetector at room 
temperature as well as at 10K.  FTIR measurements were done at room temperature between 
400 – 4000 cm-1.  SEM and TEM images were recorded using a JEOL JSM 6340F and a JEOL 
JEM 4010, respectively.  The energy dispersive spectroscopy for concentration measurements 
was carried out using SEM, JEOL-JSM-6335S tool.  
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 (a) 
Si(100) 
 
(b) 
Si(111) 
 
Figure 1 SEM images of b-Si fabricated on (a) Si(100) and (b) on Si(111) by ICP/RIE 
using Cl2.  The surface images were taken at a tilt angle of 45o. 
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3. Results  
 
     SEM images of black Si (b-Si) consisting of random needle like nano whiskers fabricated 
by ICP/RIE on p-Si(100) and p-Si(111) wafers using chlorine plasma are shown in Fig. 1.  The 
process time was 15 minutes for both of the wafers and the images are taken at 45o tilt angle. 
Note that the surface morphology is different for two types of wafer.  The whiskers fabricated 
on Si(111) are longer and have regular shapes while those on Si(100) are shorter with irregular 
shapes representing a rougher surface. The length of the whiskers ranges from about few tens 
of nanometer to about 450 nm with an average length of 320 nm for those fabricated on Si(111) 
as shown in Fig. 1(b).  Those formed on Si(100) are shorter and have an average length of 260 
nm. Further detailed images are obtained by TEM analysis performed on b-Si fabricated on 
Si(100) indicating that Si whiskers are needle-like tapered structures pointing vertically 
outward from the wafer plane and are all crystalline as shown by Bragg reflections in Fig. 2(a).  
The whiskers are randomly distributed over the Si wafer and have a surface density of 250-550 
µm-2 (or 25-55 x 109 cm-2 ) and the aspect ratios (length to average width at half maximum) of 
greater than 20.  Their diameter at the bottom of the whiskers ranges from 30 to 50nm.  The tip 
diameter of the nano whiskers can be much smaller than 3 nm as shown in Fig. 2(a) and Fig. 
2(b) more explicitly.  The same figure clearly indicates that the whiskers are crystalline as 
evidenced by lattice fringes of atom planes as shown at the insert of Fig. 2(b). 
   
 The surfaces of individual nanowhiskers do not represent a smooth surface structure.  
Nanowhisker surfaces as shown in Fig. 2(b) contain a number of defects like missing atom 
planes, the presence of a number of kinks and vacancies. Also, there is an uneven encapsulation 
of the surface by an oxide layer of about 5 Å thick. The presence of this oxide layer or 
oxidation of the whiskers is also confirmed by EDS and FTIR analysis as demonstrated in the 
following section. 
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Figure 2. (a) A typical TEM image of sub-micron size Si whiskers as fabricated on Si(100). (b)A single 
silicon whisker exhibiting crystalline structure as evidenced by Bragg reflections through atomic  
planes whose crystalline lattice was explicitly displayed at the insert in Fig. 2b. 
 
 
As shown at the insert in fig. 2(b), the surface of whiskers is not smooth containing 
missing atom planes and kinks representing a porous like structure.  This structure is indicative 
of the presence of an ultra thin (about 5 Å) non-crystalline (or a porous-like oxide structure) 
layer on the pillars.  Actually, the EDS analysis supports the fact that the nanowhiskers are 
encapsulated by such an oxide layer.  EDS probes up to 4.5 at.% oxygen confirming the 
presence of this oxide layer (possibly SiOx, 1.5<x<2) on the whiskers. The oxide encapsulation 
is also confirmed by FTIR through the presence of Si-O-Si stretching vibrations at 1085 cm-1 as 
shown in Fig. 3. From previous studies correlating the Si-O frequency with x, one can estimate 
that 1085 cm-1 would correspond to a sub-oxide SiOx of x=2, that is SiO2 [27]. Another 
important feature of these results is the appearance of a second band at 1255 cm-1 when the 
incident beam is oblique. Fig. 3 represents the change of the spectrum for 60o angle of 
incidence.  
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Figure 3 Infrared spectrum of b-Si on Si(111) wafer taken at oblique incidence(blue:0o 
and red:60o) indicating the importance of LO-TO disorder induced mode coupling effect. 
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Black Si consisting of nanowhiskers exhibits interesting PL properties at room and low 
temperature as shown in Fig. 4 for a b-Si produced on p-Si (111) wafer.  At room temperature 
(RT), PL measurements reveal a broad asymmetric emission band in the visible region with a 
low energy shoulder and a tail at high energies as shown in Fig. 4(a).  From the deconvolution 
of this spectrum, the peak positions of these bands are found to be at 595 nm (2.08 eV), 649 nm 
(1.91 eV) and 696 nm (1.78 eV).  Relative intensities indicate the domination of the band at 
696 nm.  At low temperature (10K), the emission is a blue shifted with the RT emission 
components at low energy shoulder Fig. 4(b).  The deconvolution of the spectrum reveals the 
presence of the following bands at 610 nm, 649 nm, 699 nm with a dominant emission band at 
560 nm.  Note that the relative intensities of the bands at 610 nm and 650 nm are almost 
unchanged as compared to RT emission. However, the intensity of the band at 696 nm 
decreases significantly.  Much weaker emission intensities and lower energy bands have been 
reported from the black Si formed by femtosecond laser pulses [10] and those produced in 
CF4/O2 plasma using Al2O3 cathode [11].  These emission features have been attributed to band 
tail defect states or impurity mediated recombination mechanisms [10, 28].  Also, we have 
already shown that there is a significant contribution from the b-Si to the broad PL emission 
originating from a photonic structure of Si rods [29].  
 
Our b-Si exhibits also an infrared PL near the band edge (1.09 eV) of the bulk Si which 
is attributable to band-to-band (BB) free carrier recombination.  Fig. 4(c) compares the RT PL 
spectra of whiskers formed on Si(100) and Si(111) wafers.  The BB emission intensity for 
those fabricated on Si(111) is much stronger probably due to their enhanced light harvesting 
efficiency due to their higher aspect ratios of ~30. Similar PL observations were reported for 
epitaxial Si nanowires and the BB emission was attributed to spatial confinement effect in Si 
nanopillars [30]. In our previous studies on photonic matrix consisting of Si nanopillars, it was 
shown that enhanced optical absorption at the tip region is likely followed by a fast diffusion of 
excitons to lower potential energy regions toward the bulk Si where the recombination takes 
place [29].  Tapering effect can further enhance the diffusion due to internal electric field and 
thermalization [31]. However, one can not rule out the theoretical findings indicating that the 
selection rules can be relaxed at low dimensional systems, thus enabling BB transitions at the 
zone center [32]. 
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Figure 4.  Normalized intensity of the photoluminescence measurements obtained from black Si formed 
by RIE of PMMA coated p-Si(111) wafers in chlorine plasma : (a) the emission in the visible region at 
300 K, (b) the emission at low temperature 10K    (c) compares the Infrared emission from black Si  
fabricated on p-Si(111) and p-Si(100) at 300K.. The PL excitation used a 325 nm(3.82 eV) HeCd laser 
line (23 mW). The results of the deconvolution are shown as dashed lines in (a) and (b). 
 
 
 
Fig. 4(c) shows also the emission bands originating from the sub-band gap region, 
which are likely due to extended defects, particularly dislocations like D1 or even impurities 
[33,34].  An important feature of the infrared emission is the presence of two competing 
recombination mechanism: band-edge and defects emission.  For the b-Si on Si(100), the sub-
gap emission is much stronger than the band-to-band emission, while the BB recombination 
dominates over the sub-gap emission in b-Si on Si(111). This is the clear demonstration of the 
presence of a correlation between the crystal orientation and the photoluminescence in two sets 
of b-Si samples. The b-Si formed on Si(111) exhibits much lower densities of deep traps than 
those fabricated on Si(100). 
 
Spectroscopic ellipsometry (SE) gives clues about the electronic band structure and 
dielectric properties of the Si whiskers. It measures the spectral dependence of ellipsometric 
angles ψ and Δ related to relative reflection coefficient [35] 
ρ(E) = tanψ e-iΔ 
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The results of such measurements for angle of incidence of 75o are shown as an insert in Fig. 5 
for a b-Si structure formed on Si(100).  In order to deduce the critical point energies E1 and E2 
for direct transitions near the L and X points of the Brillouin zone, respectively, the second 
derivative of the dielectric function ε(ω) = e1(ω) – ie2(ω) was obtained.  The SE data were 
smoothed using the Savitzky-Golay routine in order to minimize noise.  As shown in Fig. 5, the 
critical points E1 at ~ 3.40 eV and E2 at ~ 4.40 eV are very strong and their position shows a 
slight dependence on the whisker size. Their energetic positions are comparable with those of 
bulk Si [36] with slightly higher (~3%) energy for E2. The relative strength is likely due to an 
enhancement in optical absorption in whiskers.  Fig. 5 compares the second derivative of the 
dielectric function for the whiskers grown on Si(100) and Si(111) where the E1 and E2 bands 
for whiskers in Si(100) are slightly blue shifted by 28 meV and 82 meV, respectively.  These 
shifts can be attributable to the fact that the whiskers grown on Si(100) are much shorter than 
those grown on Si(111).  One possible explanation is that shorter whiskers can lead to further 
quantization due to further confinement effect.  The whiskers on Si (100) are 20% shorter 
(average length is about 260 nm) than those on Si(111) (320 nm) as estimated from SEM 
micrographs. Indeed, it has been shown that the absorption edge can be blue shifted with 
decreasing Si wire length [37].  Relative blue-shift in E2 peak as compared to bulk Si is 
supportive of these considerations.  However, no blue-shift was observed in the BB transitions 
as shown in Fig 4b.  It is possible that other effects such as the presence of strain in whiskers 
could cause such shifts in critical point energies [38]. 
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Figure 5.  Second derivative of the dielectric function ε indicating the observed critical points 
in the electronic band structure for b-Si fabricated on p-type Si(100) and Si(111) wafers. Raw 
spectroscopic ellipsometry data ψ and Δ variables measured at an angle of incidence of 75o for 
b-Si grown on Si(100) are shown at the insert. 
 
 
 
4. Discussion 
 
 The series of oscillations between 650-1000 nm in Fig. 5 correspond to interference 
fringes due to multiple reflections caused by an effective nanowhisker and interface layer.  
However, where the absorption in the b-Si structure starts, the amplitude of the oscillations 
damps out.  The damping of the fringes near 650 nm (1.91 eV) can directly be related to a 
strong optical absorption edge [39].  By this damping of interference fringes, one can deduce 
the first strong direct energy gap Eo.  This energy actually corresponds well to the observed 
room temperature PL peak in our samples (see Fig.4a).  The major E1 and E2 peaks near 3.4 
eV and 4.4 eV are due to direct transistions near L(Γ) and X points of the Brillouin zone [36]. 
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The optical absorption coefficient at these energies is high, that is 106 cm-1, corresponding to a 
penetration depth of ~150 Å. This value confirms that SE probes the dielectric properties of Si 
nanowhiskers.  Strong oscillator strengths can be attributed to an enhanced optical absorption 
in low dimensional Si structure. 
 
 The analysis of the PL spectra taken at RT confirms the presence of three peaks at 
around 600 nm (2.05 eV), 650 nm (1.91 eV), 700 nm (1.77 eV) as shown in Fig. 4(a). But, the 
intensity of these bands is reduced significantly at low temperature. While the relative intensity 
change for the first two bands is the same, the band at around 700 nm significantly looses its 
intensity in favor of the band at 560 nm (2.22 eV). This intensity correlation between the two 
bands indicates a competing recombination mechanism among them. This behavior can be 
explained by quantum confinement of excited carriers at the tips, in SiO2 nanoparticles or 
carrier trapping effects at defects/impurity states in SiO2. At low temperatures, excited carriers 
are localized at these weak potential wells or traps formed by quantum wells or 
defects/impurities close to band edges. As the temperature is increased, they are thermally 
excited and diffused to deeper potential wells and thus enhancing the intensity of the peak at 
around 700 nm.  In both cases, it is most likely that the radiative recombination is mediated by 
localized defect states particularly at the surface of the whiskers or in SiO2 [40].  However, 
further studies are required to determine unambiguously the origin of these bands. If quantum 
confinement is effective, the band at 560 nm and 700 nm can be attributed to recombination in 
Si nanostructures of 2.5 nm and 3.0 nm diameter, respectively. Actually, the size of the tips as 
shown in TEM images satisfies this condition. However, the presence of SiOx nanoparticles in 
b-Si surface can as well be the reason for PL as it was recently demonstrated in single SiO2 
nanoparticles [41, 42].  In these studies, the PL bands observed at about the same energies were 
attributed to electron-phonon coupling and exciton localization effects in Si and SiO2 
nanoparticles.  In our spectra, the energetic separation between the PL bands are 135 meV and 
155 meV, corresponding to Si-O-Si LO and TO phonons observed at 1085 cm-1 and 1255 cm-
1, respectively.  This is indicative of a likely involvement of these phonons in PL transitions.  
Similar temperature dependent behavior has already been observed in Si quantum dots 
embedded in SiO2 [43].  The band at 700 nm is usually observed in porous Si and Si 
nanocrystals and attributed to quantum confinement effects [44].  The band at 560 nm has been 
reported in a number of studies as originating from oxygen-related defect centers in SiO2 [45, 
46]. From these considerations, we attribute the bands at 700 nm and 560 nm to quantum 
confinement effects at the tips of Si nanowhiskers and defects, respectively.   
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We show that coupled LO-TO vibrational modes of Si-O can be used in assessing the 
importance of strain and defects on the wafer.  In previous section, we have shown using EDS 
and TEM that there is a thin Si oxide layer on Si nanowhiskers.  Figure 3 supports the findings 
of the EDS and TEM analysis through the presence of Si-O-Si stretching vibrations at 1085 
cm-1 in FTIR spectra.  However, the band at 1255 cm-1 can be only visible at oblique incidence 
(for example at 60o). Note that this behavior is indicative of the presence of a disorder induced 
coupling of oxygen modes [47].  Coupled mode frequency TO+LO between optically active Si-
O asymmetric stretching mode (in-phase motion of oxygen atoms) and inactive asymmetric one 
(out-of phase motion) can be observed in oblique incidence, if a coupling (due to disorder) 
between these motions exists. This splitting is due to the Berrman effect [48] as a result of 
disorder induced mechanical coupling of modes.  Thus the appearance and relative increase of 
the splitting mode at 1255 cm-1 is a direct result of this splitting and should measure the 
strength of the defects/disorder in the structure. 
In order to determine the diode performance and validate the fabrication procedure, 
electric field emission (EFE) devices were fabricated on Si whiskers. The vertical alignment of 
the whiskers is a great advantage in avoiding screening effects induced by adjacent whiskers 
[49]. Room temperature current-voltage (I-V) characteristics of such a device are shown in 
Figure 6, indicating extremely low leakage current.  Figure 6 shows typical current-voltage 
characteristics (a) and the corresponding Fowler-Nordheim (F-N) plot [ln (IV-2] versus V-1 of 
the same data as an insert (b) following related field emission equation [50].   
Ln(1/V2) = - β/V + const. 
where β is the field enhancement factor. The straight F-N characteristics suggest field emission 
is occurring in the diode structure with different slopes at low and high voltage regions.  Two 
slopes F-N emission has already been reported [51] in Si lift-off structures.  The cause of this 
phenomenon has been attributed to a thin oxide on the tip surface or to a statistical distribution 
of the tips. Indeed, there is a statistical variance σ2 of 4700 nm2 and 16 nm2 in length and 
diameters (measured as full width at half of the whisker’s length), respectively.  The change of 
slope can then be attributed to different field enhancement factor.  This factor of change was 
found to be about 6.0 for this particular sample. Thus the field emission property can be 
described by the shape of nanoscopic Si whiskers and their distribution.  Lower radius tips 
could be the dominant influence for increased β. Tip diameter dependence of the field emission 
has already been demonstrated in Si pillars [52].   
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A plateau between two slopes is a typical of a field emission from a p-type 
semiconductor where the field penetration creates a depletion region and causes the current to 
be limited by electrons and not by the transparency of the barrier [53]. The enhancement factor 
β can approximately be estimated using the following phenomenological formula [54] 
β = 1 + s ( d / ro ) 
Where d and ro are the anode-to-cathode spacing and the radius of curvature for whiskers, 
respectively.  s is the screening effect parameters, whose range is between 0 for very dense 
whiskers and 1 for a single needle. Assuming densely arranged whiskers (s = 0.2) and  ro = 10 
nm which are located in a parallel plate electrical field (d=200µm), β = 2000. 
   
 The importance of sidewall surface chemistry and the production of sidewall 
passivation layers have been demonstrated in directional etching of Si [55].  These studies 
point to the role of the formation of involatile materials at sidewalls particularly.  Si chloride 
radicals like SiClX (X=1, 2) in our plasma have high sticking coefficient on surfaces thus they 
reside a long time on the surface [56] .  In the case of re-dissociation of these etch products, the 
formation of SiO2 passivation layers can be favored by a plasma enhanced chemical vapor 
deposition process.  In-situ monitoring of the surface reactions between Si wafer and chemical 
species in the plasma would be very useful in confirming these assumptions.  
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Figure 6. Current-voltage characteristics of a black Silicon nanowhisker diode as measured at 
room temperature. (a) I-V plot and (b) Fowler-Nordheim plot. A schematic of the device 
structure is inserted consisting of 200 nm back contact Al and 20 nm of Au front electrode.  The 
distance between electrodes is about 200 µm and the active device area is around  0.03 cm2 as 
fabricated on  p-Si(111) wafer of 10 Ohm-cm. 
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5. Conclusion 
 
Black Si consisting of high density and large aspect ratio nano-whiskers can be 
produced on thermal oxide grown Si wafers by ICP/RIE in Cl2 plasma. Physical properties of 
these whiskers can be controlled by a number of experimental variables such as process time, 
wafer quality, and surface chemistry.  Despite the absence of a supporting evidence, the 
condensation of Si chloride radicals plays an important role in the formation process of a black 
Si in our process.  However, a direct experimental evidence on surface condition during the 
etch process needs to be generated.  The role of the photoresist should be negligible since it is 
etched out before the oxide layer. Disorder induced optical modes (LO-TO coupling) are 
activated, thus suggesting that they can be used as an effective tool in assessing structural and 
even optical/electronic quality of the whiskers. A number of radiative recombination 
mechanisms exist in the emission spectrum. The b-Si is not only a dispersive element but 
strongly absorbing media since the oscillator strength for optical absorption is strongly 
enhanced at reduced dimensions where the quantum confinement is in effect.  This effect 
results in efficient direct band transitions but also radiative transitions through the defects.  
Particularly, the visible emission and Si sub-band gap emissions point to the role of Si-SiO2 
interfaces and extended defects, especially dislocations and impurities. Weaker sub-band gap 
emission and stronger band-to-band emission is indicative of a reduced deep trap density in b-
Si formed on Si (111). Electron-phonon coupling in Si or SiO2 (on the surface) quantum 
structures is likely involved in visible PL recombination mechanism.  However, there is no 
further evidence for quantum confinement effect in the radiative recombination mechanism 
despite an increase in E2 critical point which can be associated with strain effects as well. 
Instead, defect mediated emission can be more likely the dominant mechanism.  Wafer 
orientation dependence of the defect and band-edge emission is clearly demonstrated for the 
infrared photoluminescence.  More studies like time-resolved emission are planned to 
determine the origin of these interesting emission phenomena. 
 
The possibility of fabricating crystalline Si nanowhiskers without the use of lithography 
offers an interesting low-cost process for novel optical and electronic component production.  
The black Si produced by this technique can have a significant impact on new technologies, 
particularly on the development of new solar cells, field emission cathodes and variety of nano-
electronics devices involving sensors.  Particularly, the possibility of generating light out of 
these structures offers promising applications in biosensing since the monolithic integration to 
 18
Si circuitry would be relatively convenient.  This would enable b-Si to be an attractive 
candidate for biological and medical applications. 
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FIGURE CAPTIONS 
 
 
Figure 1 SEM images of b-Si fabricated on (a) Si(100) and (b) on Si(111) by ICP/RIE using 
Cl2.  The surface images were taken at a tilt angle of 45o. 
 
Figure 2. (a) A typical TEM image of sub-micron size Si whiskers as fabricated on Si(100). 
(b)A single silicon whisker exhibiting crystalline structure as evidenced by Bragg reflections 
through atomic  planes whose crystalline lattice was explicitly displayed at the insert in Fig. 2b. 
 
Figure 3 Infrared spectrum of b-Si on Si(111) wafer taken at oblique incidence(blue:0o and 
red:60o) indicating the importance of LO-TO disorder induced mode coupling effect. 
 
Figure 4. Normalized intensity of the photoluminescence measurements obtained from black 
Si formed by RIE of PMMA coated p-Si(111) wafers in chlorine plasma : (a) the emission in 
the visible region at 300 K, (b) the emission at low temperature 10K    (c) compares the 
Infrared emission from black Si  fabricated on p-Si(111) and p-Si(100) at 300K.. The PL 
excitation used a 325 nm(3.82 eV) HeCd laser line (23 mW). The results of the deconvolution 
are shown as dashed lines in (a) and (b). 
 
Figure 5.  Second derivative of the dielectric function ε indicating the observed critical points 
in the electronic band structure for b-Si fabricated on p-type Si(100) and Si(111) wafers. Raw 
spectroscopic ellipsometry data ψ and Δ variables measured at an angle of incidence of 75o for 
b-Si grown on Si(100) are shown at the insert. 
 
Figure 6. Current-voltage characteristics of a black Silicon nanowhisker diode as measured at 
room temperature. (a) I-V plot and (b) Fowler-Nordheim plot. A schematic of the device 
structure is inserted consisting of 200 nm back contact Al and 20 nm of Au front electrode.  
The distance between electrodes is about 200 µm and the active device area is around  0.03 cm2 
as fabricated on  p-Si(111) wafer of 10 Ohm-cm. 
 
